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rrDTTrnx FOR COMPENSATING FOR COUPLING BETWEEN 

CIRCUITS OF QUADED CABLE IN A TELECOMMUNICATION TltANS^YHS^IION 

SYSTEM 

TECHNICAL FIELD 

This invention relates to methods and systems for compensating for cooL. 
between arcuusofquaded cable and. in particular, to methods and systems for f " 
compensating for coupling between such circuits in a telecommunication transmission 
system. 

BACKGROUND OF THE INVENTION 

Almost all North American telephone loop wire pair cable is multipair cable 
These transmission circuits are formed by individually twisted pairs of copper wires that 
are stranded together. In contrast, much of the European and Asian cable plant is 
consututed of quaded cable or circuits. Some building cab.es in North America are also 
quaded. The elemental un„s in these cables are quads which are four insulated 

ZZZLlT™ 6t0St±tr - ThCad -^-^^-hat more circuits can 
JacuhaTLT H Cr0SS : SeCti0na, of cab,e ' Th « disadvantage comes from the 
fact that the quad « geometncally unstable and the capacitance, between the conductors 
-he q-d are difficult to control. These factors lead to poorer crosstab performance \ 
Deiween circuits in the same quad. 

20 Quaded cable can be made in two different configurations. In multiple twin ^ 

quad the two pa,rs that constitute the quad are individually twisted and then stranded 
together to effectively form a tw 0 . pa ir sub-unit. In star-quaded cable, the four 
conductors are twisted together. Most quaded cable is star-quaded. The cross-section of 
a typed star-quad is illustrated in FIG. 1 A . which shows the four conductors M 
25 surrounded by insulating sheadings 5-8. respectively. The natural modes of propagation 
a perfectly coveted star-quad are obvious from the symmetry of the quad. £ are 
* .ted . FIGS. IB, 1C. ID and IE. where in each of these figures the insuring 
sheadings are not shown for improved clarity. 

In an ideal star-quad. the two balanced pair modes, illustrated in FIGS. IB and 
IC do not couple to each other because of the symmetry and opposite polarities of ,w 0 
opposne conductors of the quad. The balanced pair modes are frequently referred ,o as 
s:de crcuns. • a terminology descended from the use of multiple twin quad In side 
ctrcuu one, a first signal is impressed positively and negatively between conductors 1 and 
3. respecuvely. and m stde circuit two. a second signal is impressed positively and 
35 negauve y between conductors 4 and 2. respectively. Besides the balanced pair modes 
one could use the phantom circuit of the balanced pair modes as shown in FIG ID to ' 
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transmit a third signal. In the phantom circuit, the third signal is impressed "on-top" of 
the s,gnals on side circuits one and two. positively and negatively between conductors 1 
and 3 together, and conductors 2 and 4 together, respectively. An additional mode of 
transmission, the ground mode, is shown in FIG. IE. In this mode a signal is positively 
5 impressed on top of all other signals between all four conductors together and an external 
ground. This mode is not used for transmission because of strong coupling to ground 
modes in other conductors within the same cable. 

The polarities of the voltages on the four conductors guarantees that there 
would be no coupling between the phantom mode and the side circuits in a perfectly 
10 constructed star-quad. Thus, in such a quad, one would get three transmission circuits 
wnh four conductors. As far as coupling between quads is concerned, coupling between 
side circuits in different quads would be like dipole-dipo.e coupling as it is in multipair 
cables. Couphng between phantom circuits would be quadripole-quadripole couplin- 
which is generally looser than dipole-dipole coupling. 
15 Unfortunately, it is essentially impossible to achieve the precision and stability 

of the quad structure to take advantage of the mode structure. The mechanical instability 
of the quad structure leads to coupling between circuits in the same quad. At high 
frequencies the coupling or cross-talk between conductors can be at unacceptable levels 
The far end coupling, the coupling at the receive end of the cable, generated by the signal 
-0 induced at the transmitted end. increases by 20 dB per decade. Further, the near end 
couplmg induced on the transmitter by the transmitted signals increases by 15 dB per 
decade. y 

Consequently, phantom circuits are never used and side circuits in quaded 
cable have a shorter range than twisted pairs at the higher frequencies used in modern 
services, such as Basic Rate ISDN. 

SUMMARY OFTHF INVENTION 

An object of the present invention is to provide a method and system for 
compensating for coupling between the circuits of a quad, such as a star-quad. so that all 

30 them. C,rCUkS °" $UCh 8 qUad ^ ° Sed " SCn,ially "° n0,iCMb,C C ° Up,inS be,wcen 
In accordance with the present invention the coupling between circuits in a 
quad is initially determined in a training period by transmitting sets of known signals on 
the q-ded cab le and measuring the signals received by a receiver at the opposite end of 
the cable By transmitting signals on one circuit one at a time during the training period 
he coup „g from one circuit to another is measured at the receiver and a coupling matrix 
between transmuting and receiving end circuits is calculated. The inverse of this 
coupling matrix is then used as an operator on the received signals. , 0 estimate the 
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estm, ed u S ,„ 8 „« ^ ofUie covananceLtriees of 

used to de,=„™e , KUmaB of „, e ^ 

*» used ,o estimate the „«,, set ., tranOTitKd ^ „„ , te ™" 5 

■0 . recetved. or periodic,, after piura, Kls ^ M ^ ^ J 
BRIEF DESCRIP7TON nF the DRA wmr. 

HO. Uisacross-scctiooal viewofa typical star-ouad- 
FIG. IB is . cross-sectional »iew of side circuit one in such a s,ar.,»ad 
« — — . ^areaf i ' vo „, 

oresen, • ,S ' diagfam ° f adaptiVC « U3d receiv " » accordance with the 

or the coup, ing ^ circuils „ ^ coupI . $ ^ » 

s.gnals over the quad and then by adaptive* Irackin(> Cniml - - ° 
30 statistical data. Mp,,ve,y ,racfan S couphng var,at,ons in response to 
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DETAILED DESCRIPTION 

With reference to FIG. 2. one end of a quad 200 shows the four conductors 1 . 
2. 3 and 4. At the transmitting end of the quad, three signals. {S, }, i = I -3. are shown 
coupled through the primary and secondary windings of a coil to the two side circuits and 
5 to the phantom circuit. Thus, the first signal, S,, is coupled through coil 201 toside 
circuit one across conductors 1 and 3; the second signal. S 2 . is coupled through coil 202 
to s.de circuit two across conductors 2 and 4; and the third signal. S 3 . is coupled through 
coil 203 to the center taps of the secondary windings of coils 201 and 202 to the phantom 
circuit between conductors 1 and 3. together, and 2 and 4. together. By couplin- the 
10 secondary winding of 203 to the center taps of the secondary windings of coils 201 and 
202. the effects of the side circuit voltages are filtered, thus impressing S 3 "on top" of the 
signals on each of the side circuits. 

At the receiving end. a configuration identical to that shown in FIG. 2 is used 
to couple the transmitted signals from the quad to a receiver (not shown). Thus at the 
rece.v.n- end. three signals, {r , ), i= 1 - 3 . are coupled from the quad from the first side 
circuu. the second side circuit and the phantom circuit, respectively, as shown in FIG 2 
Because of the coupling between circuits, the received signals, (r, ). are not equal to the 
transmitted signals. {S t ). By measuring the coupling between circuits in accordance 
with the method and apparatus of the present invention, however, it is possible to 
20 compensate for the effects of this coupling between circuits. Thus, by "operating" on the 
receded signal, {r, ). so as to remove the effects of cross-coupling between circuits 
estimates of the transmitted signals. {S, }. can be calculated that are close to the actual 
transmitted signals. {S,- }. All three circuits can therefore be used for transmission. 

In the following sections the characteristic of nominal star quads are described 
-5 as well as the mathematical derivation of the method of the present invention for 

adapung quad terminations to minimize coupling. The method of the present invention " 
for startup using a transmitted training sequence and for then tracking coupling over time 
using statistical data are then presented. 
Characteristics of Nominal Star Quads 

Since a star-quad has four conductors, the voltage transfer matrix from one end 
of the quad (x=0) to the other (x=l ) is a four by four matrix: 



30 



v,(l) 
v 4 (D 



a n a i: a J3 a J4 
a 21 a 22 »23 aj-j 
a 3l a 33 »3J a W 
a 41 «42 »43 »♦) 



V](0) 

v 2 (0) 
v 3 (0) 
v 4 (0) 



(1) 
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The voltages in (I) are wi,h respect to a putative remote ground at voltage 2 ero 
Ir, a nonunaJ quad configuration, there is perfect geometrical symmetry within 



a i,(i+n)mod(4) = ak.(k*n)mod(4); all k 

Consequently, equation (1) may be written in the form: 



(2) 



vj(l) 
v 2 (l) 

1*4(1) 



a b c b 
babe 
c b a b 
fa c b a 



vi(0) 
v 2 (0) 
vj(0) 
v 4 (0) 



(3) 



I rib T, ° r ClSenVCC ' 0rS ' ° f ^ Unif0nn lransmi »- «- are those 

10 iTST gK am ° ng ^ C ° ndUCl0rS *" - b > —mission except 

10 th* a„ voUages are multiplied by the same number that depends on L distance ' 

LTrf h St "' bUtl0n$ *° Pr ° POrti0naJ » - '*™ of the transmission 

™ - "T" line - The Datural modes or eis ™ «* ^ 

' IZd l*™*' ^ COndUCt ° rS tW ° 3nd four a < with conductors 

one ^ th rec n +l and volt$> respectjveJy Thft o(hef cjrcu . -tors 

and three a, ground, with conductors two and four at +1 »d -, v 0 ,„ ^J^' 
20 Thecgenvaluesofbothofthesidecircuitmodesisa-c. 

• The phantom cireui , Tflis mQde ^ fQur cQnductor ^ 

-l.rcspect,v e ly.Theeigenv a j U cforthismodeisa-2b + c ' ' 



/I./ 



Adapting Q uad Termination To Minimize Coup ling 
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Real quads are never nominal, but differ slightly from the nominal 
configurations as mentioned above. Thus, the side and phantom circuits of the quad will 
all be coupled loosely. The method and system of the present invention can be used to 
minimize the coupling between the modes. 
5 For example, the normalized eigenvectors (mode vectors) of the nominal quad 

may be called (e, }. Then, the transmitted voltage vector. i.e. the array of conductor 
voltages at the transmitter can be written in the form: 

v4 -i, s,t ' (*> 

where the { S, J are the information voltages transmitted on the separate modes; e . S , ] 
is the information transmitted on side circuit I. etc. If transmission effects are equalized 
equauon (4) also represents the received voltage vector except for the delay in 
transmission, which we may ignore for the purposes of our discussion. The ground mode 
is never used because ground modes in the same cable strongly couple to each other 
Consequently. S 4 = 0. Of course, if the ground mode is not used, one of the S- would 
be zero. It is assumed, in writing equation (4). that the transmission effects have been 
equalized. 

To extract the i' h data value (S ( ) from the received vector, one can use the 
orthogonality of the normalized eigenvectors: 



20 where 



is the transpose of e ( 

O: course, when the quad is not nominal, what is received is not S,, but r- 

given by 

ri= i, c * s ; 

where the Cy axe unknown coupling constants. Since the ground mode is never 
transmitted, we may assume that S 4 = 0 as indicated above. Also, the ground mode 
output (r<). will not be measured. This converts equation (7) into a set of three 
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equations in three unknowns, the (S,- ) for i = 1,2.3, which may be wriuen in matrix 
form as follows: 

r = CS 

(8) 

with obvious definitions for r. C and S. Of course, r and S are now 3-vectors and I is a 
5 three by three matrix. One of the problems of an adaptive receiver for a quad is ' 
estimating the matrix C from measurements of r and a knowledge 0 f the propertied of S 

When the coupling is relatively loose, which is almost always the case the 
diagonal elements in the coupling matrix, i.e.. the C,„ are close to one and the off- 
Agonal elements are (C y for Cose to zero. In this case, one may advantageously 
10 wnie equation (7) in the form: y 

r = (E + B) S 

(9) 

-here E is a unh matrix (each diagonal element is equal to one and each off-diagonal 
e ement „ equal to zero) and B is a small matrix in the sense tha, it substantially reduces 
the magnitude of any vector that it operates on. 

If one knew the cross-covariance of r and S. one could determine B and use 
this knowledge to cancel intermoda. coupling. To see this, talce the outer product of both 
»des of equauon (8) with S T and take expected values to get: 

<rS T > = (E + B) <SS T > (10) 

which could be solved for B if .< r S T> were known (where the brackets "<>- indicate 

7Zs7h OrStat r ,eXPCClaiiOnS0lha, < r S^isthecross-covariancematrix 
of r and S). However. S ,s never known at the receiver unless a known sequence is bcin* 
transmuted for training purposes so that < r S T > cannot bc ohl , lK± ^ ' 

o7b C ,h ' ! T IeimS ° f Wh3t " "?° Wn a ' 3 reCeiVW - T ° * lhis ' takc th < o««r product 
of both s.des of equation (8) with r T and take expectations to get : 

<r r T > = (£ + B) <S r T > 
or equjvalently, 

<rr T > = <rS T >(E + B T )(i2 (12) 



15 
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Combining equations (9) and (1 1) then yields: 
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(13) 



<r r T > = (E + B) <S S T > (E + B T ) 
This equation may be written in the form: 

<r r*> - < S S T > = B <S S T > ♦ <S S T > B T + B <S S T > B T (,4) 

5 If .his equation couJd be solved for B one would know the cable matrix C and would be 
able to make error free determination of the transmitted signal vectors. An approximate 
solunon for equation (13) is easy to obtain. The clue to this is to note that, since B is 
small the last term on the right in equation (13) is of second order in small quantities and 
n»y be neglected in obtaining an approximation, B 0 for B. Thus. B 0 is a solution of: 

<r r T > - < S S T > = B 0 <S S T > + < S S T > B? (IJ) 

and may hence be solved by standard methods. 

The error. (B-B 0 ). between B and its approximant. B 0 . is of second order in 
small quanmies. To see this, equation (4) is subtracted from equation (13) to obtain: 

( B 0 - 8) <S S T> + <S S T >(Bf - B T ) s B <S S T > B T (16 ) 

15 Since <S S*> is „ 0 t small or singular and the right side of equation ( 1 5) is of second 
order m small quantities, so is (B 0 -B). Hence. B 0 is a good approximation to B 

If we use B 0 to obtain an estimate. S. of the transmitted signal vector, one has: 

r = (E+B 0 )S 

(16A) 

or. since B e is small. 
S = (E-Bo)r 

(17) 

which is good to first order as a solution of equation (16). In a similar w ay . one could 



S = (E-B)r 



(18) 
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Subtracting equation (17) from equation (18) one gets: 

S-S = (B„-B )r (]9) 

Since it has been shown that (B„ -B) is of second order in small quantities, equation 
(19) shows that the error in S is of the second order in small quantities 

If the first order estimate B 0 needs to be improved, successively better 
approximation can be obtained by convening equation (,3) into an iteration equation 
whtch uses an earlier estimate for B in the second order term on the extreme right in * 
equat,on (13) to obtain a closer approximation. Thus, one may write- 



<rr T > - <SS T > -B B _,<SS T > B T _, = 
B„ <S S T > + <S S T > B„ 



(20) 



If one sets B_, =0. setting n=0 in equation (20) yields equation (14) 
Startup and Tracking Wi,h , Tfainine SeQ uenPf 

bv u < r ,° nC ^ 10 $tanUP ^ thC rCMiVCr W chan * ifl S < uad ^"acteristics is 

15 vectors S and then measuring the resulting received vectors r at the receiver. This wi,| 
be effective on quads because the rate 0 f change of the quad's characteristics will be low 
compared to the data rate of the information being transmitted. The purpose of using the 
known sequences is so that the coupling matrix. C. can be determined anhe receiver 
which can then invert the coupling matrix and apply the inverse to equation (16) whe'n 
20 the transnutted signal vector. S. is data rather than a known training vector. This would 
conven equation m- ou,a 



conven equation (8) to 



(21) 



Since the couphng matrix is a thxee by three matrix, it is theoretically only necessary to 
transmit a known sequence of three linearly independent signal vectors. In practice 
-5 onger sequences may be used to overcome uncertainties in received data caused by 
transmission noise and equipment imprecision. 

A particularly convenient set of three known signal vectors to use are the three 

values of the voltages transmitted on each of the three quad modes that are used to 

mmun,ca,e.i.c.. {Si ,. The training vectors (5 i) have components Sj * landthc 
other components equal to zero. S k = 0. k *j. Consequently the components of the 
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conespondmg received vectors arc the columns of the coupling matrix. E.g when S 1 is 
sent, the components of the received vector, r \ are ( Cjl ). Since the coupling matrix is 
a three by three matrix, it is easily inverted using standard formulas in a processing chip. 
A known transmitted sequence can be used at sunup before any data is 
5 transmuted. It may also be used to track the changing coupling matrix durin* 
commumcation by inserting shon known training sequences into the transmuted 
sequence at prearranged intervals. The procedure outlined above for adapting th- 
raver during startup or in tracking quad transmission characteristic changes is 
formali2ed jn the following algorithm: 

. 1 . At the transmitter, set S , = 1 and S 2 = S 3 * 0. At the receiver, measure the 
output vectorr = (C„ ,C 21 ,C 3J )T. Store this data at the receiver. 

• 2. At the transmitter. setS j = lands. - - n a..u 

i ana a , _ s 3 = 0. At the receiver, measure the 

output vectorr = (C 12 ,C 22 ,C 32 ) T . Store this data at the receiver 

• 3. At the transmitter, set S 3 = 1 and S, = S 2 = 0. At the receiver, measure the 
output vectorr = (C^.Ca.C*) 7 . Store this data at the receiver 

• It may be necessary to repeat steps 1. 2 and 3 several times in a noisy environment to 
mitigate against the effects of the noise. 

• 4. At the receiver, invert the matrix of Cy's. 

•5. Start data transmission. Apply the inverse of the coupling matrix. C". to the 
receded mode amplitude vectors, r. to eliminate coupling between the modes. 

" ZT^i 'IT" " *■ C ° UPling Characteri " ics ' » * to inject training 

penods ,n the data stream. This can be done in intervals where steps 1-5 are 

repeated, or it can be done by transmitting known signal vectors at prescribed 
intervals, as indicated in the following steps. 

. 6. After N data symbols are transmitted, transmit S» and then resume data 
transtrusston. Upon reception of the resultant received vector, replace the oldest 
recetved data stored in the receiver corresponding to the transmission of S>. Usin* 
the new stored data, update the value of C"> and resume data reception. 

" ITS N additi0 " 31 1,3,3 Symb f * tranSmi " ed - rCpeai ' he P roccdure » *P 6- bu, 
w.th S transmuted ,ns,ead of S». Then, after transmitting another N data symbols 
repeat step 6 with S 3 transmitted instead of S 1 . 
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• 8. Return to step 6. 

. In this way. by a judicious choice of N, which depends on line conditions, changes in 
coupling between modes can be tracked. 
Trackine Usinff Statistical Data 
5 In some situations it may be undesirable to track coupling variations by using 

known transmitted sequences. In these cases, it is still preferable to startup using known 
mnof sequences. However, after data transmission is started, the receiver is adapted 
usjng the methods described hereinabove in the section entitled "Adapting Quad 
Terminations To Minimize Coupling". This sections details an algorithm for using those 
10 methods. 

. 1. Startup using the procedure outlined in the above algorithm using a training 
sequence to determine an initial coupling matrix and its inverse. 

• 2. Stan data transmission. For the first N received data vectors, use the in.ua) 
estimate of the coupling matrix to determine estimates of the transmitted data Store 

15 the sequence of received vectors (called r(n). where n indicates the position 

sequence). Also store the values of the corresponding data vector estimates. S(n). as 
determined by using the inverse of the coupling matrix calculated in step 1. 

• 3. Form the products r(n) r T (n) and S(n)S T (n) and store them. 

. 4. After N data symbols have been received estimate the covariance matrices of 
20 receded and transmitted data vectors as follows: 



<rrT> = -£Xr(n)r T (n) 



n=l 



(22) 



25 



<SS T >4lS (n) S T (n) (23) 

5. After step 4 is complete, use equation (15) and the results of equations (22) and 
(23) to make an estimate. B 0 N . of the matrix B 0 . B 0 N is a three by three matrix with 
n.ne unknowns. Nine separate equations can be derived from the matrix equation 
(15). one equation per each element in the three by three matrix on each side of the 
=" sign. The nine unknowns can be readily determined from these nine equations 
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. 6. Use equation (17) 10 calculate the estimate of the (N+ l)$t transmitted data vector. 

. 7. As each new received vector arrives, replace the oldest data in the storage with the 
newest data and repeat steps 3 through 6 for the updated data, thus continuously 
updating the estimate of B 0 . As the cstimaie of B 0 is continuously update, the 
5 mathematical mechanism for estimating the transmitted data vector from the received 
data vector is updated. 

The process described above is particularly useful on a rapidly changing 
channel. On a moderately changing channel, which is the more likely typical quad 
situation, step 7 may be replaced with step 7A: 

10 . 7A. Use the estimate of B 0 .B 0 N . and equation (17) to estimate the next N transmitted 
data vectors, storing r(N+l) through r(2N). and S(N+ 1) through S(2N) Then 
use equations (22) and (23). summing from n=N+l to n=2N. and equation (15) ,o 
make a new estimate. B 0 J " . of the matrix B 0 , which is then used to estimate the next 
N transmitted data vectors. This step is then repeated every N received data vectors. 
15 On an even more slowly varying channel the estimate of B 0 can be used to 

estimate P transmitted data vectors, where P is greater than N. The last N of each P 
received vectors and corresponding estimated transmitted data vectors are then stored 
and used to estimate a new B 0 . which is lhen uscd tQ estimaK ^ ^ p ^ 

vectors. In all variations of this method. N itself depends on how fast the channel 
20 changes and the general conditions of the system, including thermal noise. 

FIG. 3 shows a block diagram of an adaptive quad receiver 300 used for 
estimating transmitted data vectors from received vectors to compensate for cross- 
coupling between circuits. The quad conductors. 1-4. having voltages v, - v 4 .hereon 
respectively, terminate in a quad termination 301. Quad termination 301. shown in FIG 
25 2. transforms the received voltages into received signals, r , . r 2 . and r 3 . from the first 
second, and phantom circuits of the quad, respectively. These received signaJs are input 
to a processor/detector 302. which detects these signals and processes them in 
accordance with the procedures described hereinabove to calculate estimates of the 
transmitted signals. S,. S 2 , and S 3 . Both the received sienals and the estimated 
30 transmitted signals are input to a storage device 303. which stores the N last received and 
esumated signals and passes them to the processor for calculation of the covariance 
matrices (22) and (23). During the startup procedure, processor/detector 302 detects the 
rece»ved vectors for each of the three known transmitted vectors, as described in the 
startup procedure detailed above. The initial coupling matrix C and its inverse C - » are 
35 calculated and stored in storage 303. Receiver 300 then enters the adaptive sta-e and 
actuaj data is transmitted over the quad. Processor/detector 302 uses the initial estimate 
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of the inverse of the coupling matrix. C". » estate the transmitted data from the 
received data. Then, as detailed in the tracking section above, the N received sets of 
signals and the N corresponding estimates of the transmitted signals in storage 303 are 
used by processor 302 to calculate the covaxiance matrices (22) and (23). Processor 302 
5 then estimates B 0 . which is then used to estimate the next transmitted signals fromithe 
received signals. As described in the section hereinabove, processor 302 updates i| 
esuma,e of B 0 based on the last N received and estimated transmitted signals afteaUh 
set of received signals, after every N sets of received signals, or after every P sets of 
rece.ved 5 ,g„als. depending upon whether the channel is rapidly changing, moderately 
1 0 changing, or slowly changing, respectively. 

A relatively simple method and system has been described above for 
compensating for coupling between conductors in star-quaded cable. The method and 
system adaptively terminate star-quaded cable to substantially suppress coupling between 
nominal quad modes when there is loose coupling between them. An approximation 
method is described for estimating the transmitted signal using only information that is 
av ai lable at the receiver and is good to second order in small quantities when the 
coupling is of first order. Thus, for example, if the coupling between modes is down, say 
20 dB. the adaptive termination would suppress it so that it was down about 40 dB 

Obviously more elaborate adaptation procedures that require the transmission 
of information about received signal levels back to the transmitter, or the use of known 
training sequences, could reduce this error further. 

While, the best mode for canying out the invention has been described in detail 
those familiar with the an to which this invention relates will recognize various 
alternative designs and embodiments for practicing the invention as defined by the 
25 following claims. 



15 



20 
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What is claimed is: 

1 1 . In a telecommunications transmission system including a cable having at 



j — — ««-.«wtii 5 a wflwic navjng at 

2 least one quad, a method for compensate for coupling between circuits of the quad, the 
method comprising the steps of: 

during a startup period, separately and successively transmitting at a 
transmitting end of the cable known signals on each of the circuits of the quad; 

measuring at an opposite receiving end of the cable the signals received on 
each of the circuits of the quad in response to the separate successive known signals- 
estimating the coupling between circuits of the quad between the trawmittino 
end and the receiving end of the cable from the measured received signals: 

during transmission of data signals from the transmitting end on the circuits 
following the startup period, modifying received data signals on the circuits at the 
receiving end in accordance with the estimated coupling between circuits to produce 

13 estimated transmitted data signals; 

14 storing at least one previous received data signal on each circuit and at least 

15 one previous corresponding estimated transmitted data signal on each circuit; 

16 reestimating the coupling between circuits during transmission of data signals 

7 as a function of the stored at least one previous received data signal on each circuited 

8 the stored a, least one previous corresponding estimated transmitted data signal on each 
19 circuit: and 



3 
4 
5 
6 
7 
8 
9 

10 

11 

12 



20 modifying the data signals received at the receiving end after reestimating the 

21 coupling in accordance with (he reestimated coupling between circuits. 

2. The method of claim 1 wherein the step of storing stores N previous 
reccved data signals and N previous corresponding estimated transmitted data signals on 
each arcuit. and the step of reestimating the coupling between circuits includes the steps 
of estimating a covariancc of received data signals from the stored N previous received 
data signals on each circuit, and estimating a covariance of transmitted data signals from 
the stored N previous estimated transmitted data signals on each circuit. 

3. The method of claim 1 wherein the step of storing stores N previous 
n^ved data signals on each circuit and N previous corresponding estimated transmitted 
data stgnals on each circuit, and the step of reestimating the coupling between circuits 
ree sttmates the coupling as a function of .he stored N previous received data signals on 
each crcuit and the stored N corresponding estimated transmitted data signals on each 

6 circuit. 

1 4. The method of claim 3 wherein the step of reestimating the coupling 

2 between circuits is continuously performed after receiving a new data signal on each 

3 circuit. 



I 

2 
3 
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1 5. The method of claim 3 wherein the step of reesumating the couplin- 

2 between circuits is periodically performed after each new N data signals are received on 

3 each circuit. 

) 6. The method of claim 3 wherein the step of reestimaiing the couplin- 

2 between circuits is periodically performed after each new P data signals are received on 

3 each circuit, where P is greater than N. 

I 7. In a telecommunications transmission system including a cable bavin* at 

least one quad, a receiver at a receiving end of the cable for compensating for coupling 
3 between circuits of the quad, the receiver comprising: 

* means for receiving and measuring signabon each of the circuits of the quad 

»n response to signals transmitted on each of the circuits from a transmitting end of the 
o cable to the receiving end; 



5 



7 means for estimating the coupling between circuits of the quad between the 

« transmitting end and the receiving end of the cable from signals received and measured 

9 ,n response to separately and successively transmitted known si.-nals on each of the 

1 0 circuits of the quad during a startup period: 

11 means for modifying received data signals on the circuits in accordance with 

2 the icarned coupling between circuits to produce estimated transmitted data signals- 

3 storage means for storing at least one previous received data signal on each 

4 circuit and at least one previous corresponding est,ma,ed transmitted data signal on each 

15 circuit; and 

16 means for reestimatin S the coupling between circuits during transmission of 

7 data signals as a function of the stored at least one previous received data signal on each 

8 circuit and the stored at leas, one previous corresponding estimated transmitted data 
iy signal on each circuit. 

1 8. The receiver in accordance with claim 7 wherein said storage means stores 

i trr v,ou H r data sisnais on " ch drcu " and n previ ° us <™*»** ««--«- 

3 transmitted data signals on each circuit, and said means for reestimating the coupling 

4 between circuits comprises means for estimating a covariance of received data sisals 

5 from the stored N previous received data signals on each circuit and for estimating a 

6 covariance of transmitted data signals from the stored N previous estimated transmitted 
/ data signals on each circuit. 

> 9 . The receiver in accordance with claim 7 wherein said sioraee means stores 

Nprcv.ous received data signals on each circuit and N previous corresponding estimated 

3 *ansmitted data signals on each circuit, and said means for reestimating the coupling 

4 between circuits reestimates the coupling as a function of the stored N previous received 
data signals on each circuit and the stored N corresponding estimated transmitted data 
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6 signals on each circuit. 

1 10. The receiver in accordance with claim 9 wherein said means for 

2 reestimating the coupling between circuits cominuously reestimates the coupling after 

3 receiving a new data signal on each circuit. 

1 1 1 . The receiver in accordance with claim 9 wherein said means for 

2 reestimating the coupling periodically rebates lhe coupling after ^ new N ^ 

3 signals arc received on each circuit. 
12. The receiver in accordance with claim 9 wherein said means for 

reesumating the coupling periodically reestimates the coupling after each new P data 
sjgnals are received on each circuit, where P is greater than N. 
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What is daimed is: 

1 . 1 \ to ' ttlK ^^ to ^n^»5y!lcmin C ludingac,bleim.vidi„,. 

2 . cha^ds and havi„ 8 „ lMst one ^ tavi „ g ^ ^ ^ *• 

4 the method comprising the steps of: wmcqiuo, 

5 during a startup period, separately and successively transmitting at a 

6 transmitting end of the cable known signals on each of said modes of the quad- 

» estimaung the coupling between said modes of the quad between the 

0 transmitting end and the receiving end of the cable from the measured received signals- 

d ™s«™n*sionof^^ 

2 follows u.e staaup period< modifying recejved ^ signai$ on ^ chaMeis 

14 to produce esornated transmitted data signals: 

W storing « least one received data signal on each channel and at least one 

16 corresponding estimated transmitted data signal on each channel; 

J? reestimadng the coupling between said modes dunng transmission of dau 

20 ltd " ° M COrKSp0nding M,imated ■»» signal on each channel; 

3 couphng ,„ accordance with the reestimated coupling between said modes 

2. The method of claim 1 wherein the step of storing stores a plurality N 
receded dau signals and N corresponding estimated transmitted dau signals ol each 
channel, and the step of reestimating the coupling between said modes includes the steps 

tTe?N7 ^ 

stored N esumated transmitted data signals on each channel. 
<fa» «• f ^ mCth ° d ° f daim 1 Wherei " ** JtCp ° f S,orin * a P ,uraJit y N received 
3 each channel, and the step of reestimaung the coupling between said modes reestimares 

5 stored N corresponding estimated transmitted data signals on each channel 

4. "njernethodofclaimawhereinthcstepofreestimatingtheeoupling 
3 cZT ^ '* Perf ° m,ed reCdVing (3) ^ nCW da,a si * naJ * each 
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1 5. The method of claim 3 wherein the step of reestimating the coupling 

2 between said modes is periodically performed after each new N data signals are received 

3 on each channel. 

1 6. The method of claim 3 wherein the step of reestimating the coupling 

2 between said modes is performed after each new plurality P data signals are received on 

3 each channel, where P is greater than N. 

1 7. In a telecommunications transmission system including a cable providing 

2 communication channels and having at least one quad having two side modes and one 

3 phantom mode, a compensating system at a receiving end of the cable for compensating 

4 for coupling between said modes of the quad, the compensating system comprising: 

5 means for receiving and measuring signals on each of said modes of the quad 

6 ,n response to signals transmitted on each of the channels from a transmitting end of the 

7 cable to the receiving end; 



8 



means for estimating the coupling between said modes of the quad between the 
9 transmitting end and the receiving end of the cable from signals received and measured 

10 .n response to separately and successively transmitted known signals on each of said 

1 1 modes of the quad during a startup period; 

12 means for modifying received data signals on the channels in accordance with 

13 the estimated coupling between said modes to produce estimated transmitted data 

14 signals; 

1 5 storage means for storing at least one received data signal-on each channel and 

1 6 at least one corresponding estimated transmitted data signal on each channel; 

1 7 means for reestimating the coupling between said modes during transmission 

18 of data signals as a function of the stored at least one received data signal on each 

19 channel and the stored at least one corresponding estimated transmitted data signal on 

20 each channel, and 

21 ' means for modifying reccivaldata signals on the channels in accordance with 

22 the reestimated coupling between said modes. 

1 8. The system in accordance with claim 7 wherein said storage means stores a 

2 plurality N received data signals on each channel and N corresponding esumated 

3 transmitted data signals on each channel, and said means for reestimating the coupling 

4 between said modes comprises means for estimating a covariance of received data 

5 signals from the stored N estimated transmitted data signals on each channel. 

1 9. The system in accordance with claim 7 wherein said storage means stores N 

2 received data signals on each channel and N corresponding estimated transmitted data 

3 signals on each channel and said means for rccstimaung the coupling between said 

4 modes rccstimaies the coupling as a function of the stored N received data signals on 

AMENDED SHEET (ARTICLE 19) 



OCT 84 '00 17:30 



650 944 8080 PAGE. 021 



W0 95/3I8$7 

PCT/US9S/0506) 

19 

6 T^T* ^ N C0IieSp0Ddins Wtiraated ""-ta- -ata signals on each 

1 10. The system in accordance with daim 9 wherein said means for 

2 reesumaung the coupling between said modes continuously reestimates the coupling 

3 after receiving a new dau signal on each channel 
1 
2 



1 1. The system in accordance with daim 9 wherein said means for 4 
reesumaung the coupling reestimates the coupling after each new N data signals!* 
3 received on each channel. V 

1 12. The system in accordance with claim 9 wherein said means for 

2 reesnmating the coupling reestimates the coupling after each new plurality P data signals 

3 are received on each channel, where P is greater than N 
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STATEMENT UNDER ARTICLE 19 



The amendments being made to claims 1 through 12 as originally filed clarify the language of the 

oim - ^ arnendmcnts havc no *** on 22^2 
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